We report a synchronous multi-color mode-locked laser network over 4.7-km distance. Output of two remotely synchronized lasers shows only 0.6-fs RMS drift over 40 hours reaching 20 th decimal uncertainty in less than 10000-s averaging time.
Introduction
Mode-locked lasers continue to revolutionize the fields of frequency metrology and laser spectroscopy due to their ultra-low noise properties. To realize the long standing scientific dream of capturing ultrafast structural dynamics with atomic resolution, new generation scientific facilities such as X-ray free-electron lasers [1] and intense laser beamline centers [2] aim to synchronize numerous mode-locked lasers with sub-fs precision across km-distances [3, 4] . Similarly, comparison of remote optical clocks requires stabilized mode-locked lasers at each clock location to transfer the ultra-stable optical frequency to radio frequency (RF) domain as well as to the slave laser frequency responsible for the fiber-optic transmission [5] . Here we demonstrate a multi-color long-term stable synchronous mode-locked laser network with sub-fs precision and 4.7-km distance using balanced optical cross-correlators (BOC). Out-of-loop timing drift between two remote lasers is only 0.6 fs RMS over 40 hours corresponding to a timing instability of 1.2×10
-20 at 70000-s averaging time. Fig. 1(a) and (b) describe the experimental setup of the synchronous mode-locked laser network incorporating 3 lasers in a star network topology. Our master laser (ML) is a mode-locked laser operating at 1554-nm center wavelength with 216.67-MHz repetition rate locked to a RF reference. The output of the ML is split into two independent timing links with a total length of 4.7 km. Each link consists of a polarization-maintaining (PM) dispersion-compensated fiber spool (1.2 km and 3.5 km long), a PM fiber stretcher, a motorized delay stage and a bi-directional PM fiber amplifier. A partially reflecting mirror at the end of each link reflects 10% of the optical power back to the link input. The reflected pulses are then combined with fresh pulses from the ML in the secondharmonic (SH) BOCs. SH-BOCs operate at 1554-nm wavelength and realize the cross-correlation with the birefringence between two orthogonally polarized input pulses. SH-BOC1 and SH-BOC2 measure the propagation delay fluctuations in the links and generate error voltages, which are then applied to the fiber stretchers and the motorized stages to compensate for fast jitter and long-term drift, respectively. Both outputs of the timing-stabilized links are then used for remote synchronization of two slave mode-locked lasers. Slave laser 1 (SL1) has the same center wavelength and repetition rate as the ML. Therefore, SH-BOC3 is built to synchronize SL1 to Link 1 output by tuning the repetition rate via its intracavity piezoelectric-actuated (PZT) mirror. Slave laser 2 (SL2), on the other hand, operates at 54.17-MHz repetition rate with an output optical spectrum centered at 1030 nm. To synchronize SL2 to Link 2 output, we build a type-I sum-frequency BOC (SF-BOC1) between 1030 nm and 1554 nm using two BBO crystals (refer to SF-BOC in Fig. 1(b) ). Time delay difference between the two arms is realized with a glass plate to maximize the timing sensitivity of the balanced detection. Finally, the outputs of SL1 and SL2 are combined in the free-running SF-BOC2 to evaluate the timing precision of the synchronous laser network.
Experimental Setup

Experimental Results and Discussion
Relative timing stability of the synchronous laser network is monitored continuously for 40 hours. As can be seen from Fig. 2(a) , out-of-loop timing drift below 1 Hz is only 0.6 fs RMS. Fig. 2(b) shows the overlapping Allan deviation calculated from the drift data. The timing instability between the two slave lasers is only 5×10 -17 in 10-s averaging time (τ) and reaches 1.2×10
-20 in 70000 s by following a deterministic τ -1 slope. The jitter spectral density between SL1 and SL2 above 1 Hz is measured with a signal source analyzer. The black curve on Fig. 2(c) shows the out-of-loop jitter measured by SF-BOC2 when all the five locks in Fig. 1(a) are employed. The integrated jitter is only 1.3-fs RMS corresponding to a total phase error of 83 μrad for a 10 GHz carrier frequency. To investigate the high frequency jitter limitations of the network, SL1 and SL2 are disengaged from the links and locally synchronized to each other using SF-BOC2. The red curve on Fig. 2(c) shows the corresponding in-loop jitter spectral density which closely follows the network results for frequencies between 10 kHz and 1 MHz (less than 7 dB difference). As the in-loop detector suppresses the noise between SL1 and SL2 for frequencies lower than the locking bandwidth (~10 kHz, limited by laser's PZT resonance), the local jitter spectral density shows larger deviation from the network results in this region (see the red dotted-curve on Fig. 2(c) for frequencies below 10 kHz). Nevertheless, the integrated jitter of the local synchronization is as high as 0.9 fs RMS pointing out the unsuppressed jitter of SL1 and SL2 beyond the locking bandwidth as the prominent noise contribution. Thus, the high frequency performance of the synchronous laser network could be improved even further to the attosecond regime by developing lower noise mode-locked lasers with larger PZT bandwidths.
We believe that such a synchronous laser network will provide the new photon science facilities with hightemporal resolution and enable radically new spectroscopy experiments by shedding light on ultrafast molecular dynamics. This synchronization scheme can also be employed to compare optical clocks in relatively short distances (<10 km) and for laboratory applications with extremely low uncertainty. 
